



氏 名 内海 邑 
  
学 位 （専 攻 分 野） 博士（理学） 
 
学 位 記 番 号 総研大甲第 2019 号 
  
学位授与の日付 平成 30 年 3 月２3 日 
 
学位授与の要件 先導科学研究科 生命共生体進化学専攻 
 学位規則第６条第１項該当 
 
学 位 論 文 題 目 Theoretical study of evolutionary emergence and 
maintenance of mutualistic symbiosis 
 
論 文 審 査 委 員 主  査 講師 沓掛 展之 
  教授 佐々木 顕 
  講師 大槻 久 
  教授 山内 淳 京都大学 生態学研究セン
ター 
   
   
   
                       
                       





(Separate Form 2) 
論文の要旨  
Summary (Abstract) of doctoral thesis contents 
 
Mutualism based on reciprocal exchange of costly services must avoid exploitation by 
“free-rides”. Previous studies in the field of evolutionary ecology have explored vigorously how 
mutualism is evolutionarily maintained, and proposed various mechanisms to explain it. However, 
the evolution of symbiotic relationship is still unclear because it remains to be solved how the 
maintenance mechanisms themselves evolve. Since these mechanisms are essential to mutualism, 
their evolution is a central question to be investigated for understanding the evolution of 
symbiosis, in particular how symbiosis evolves toward not parasitism but mutualism. Here I 
theoretically investigated the evolution of maintenance mechanisms of mutualism. Mechanisms 
maintaining mutualism are usually classified into two types: “discrimination”, which is an active 
behavioral response to the quality or behavior of partners to reward only cooperators; and 
“partner fidelity feedback”, which is an automatic positive feedback between the fitness of 
participants involved in symbiosis. I therefore dealt with both types of mechanisms. 
In chapter 2, I first focused on discrimination. In mutualism where a host acquires new 
symbionts from its environment, or horizontally transmitted mutualism, the host usually 
discriminates against free-riding symbionts. A well-known example is legumes that penalize 
non-cooperative rhizobia by halting oxygen and nutrient supply to them. Although discrimination 
promotes the evolution of cooperation, the evolution of discrimination has been considered to be 
difficult; once discrimination by hosts effectively removes free-riders from the symbiont 
population and cooperators become prevalent, a host can almost always meet cooperators and 
hence no longer needs to discriminate among symbionts. In other words, it has been argued that 
discrimination and thus mutualism cannot be maintained unless free-rides are supplied 
perpetually by mutation and/or immigration. In this chapter, I tried to resolve the “paradoxical” 
coevolution of discrimination by hosts and cooperation by symbionts, by comparing two different 
types of discrimination: “one-shot” discrimination, where a host does not reacquire new 
symbionts after evicting free-riders, and “resampling” discrimination, where a host does from the 
environment. My study shows that this apparently minor difference in discrimination types leads 
to qualitatively different evolutionary outcomes. First, although it has been usually considered 
that the benefit of discriminators is derived from the variability of symbiont quality, I showed 
that the benefit of a certain type of discriminators (e.g. one-shot discrimination) is proportional 
to the frequency of free-riders, which is in stark contrast to the case of resampling discrimination. 
As a result, one-shot discriminators can invade the free-rider/non-discriminator population, even 
if standing variation for symbiont quality is absent. Second, my one-shot discriminators can also 
be maintained without exogenous supply of free-riders and hence is free from the paradox of 
discrimination. Therefore, my result indicates that the paradox is not a common feature of 
evolution of discrimination but is a problem of specific types of discrimination.  
In chapter 3, I focused on partner fidelity feedback. In mutualism between unicellular 
hosts and their endosymbionts, symbiont cell division is often synchronized with its host’s, 
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ensuring its secure vertical transmission. Synchronized cell division can therefore align the 
fitness interests of hosts and symbionts and be a driving force of partner fidelity feedback. 
However, if symbionts stopped synchronizing and divided faster than their host, they could burst 
the host cell and could proliferate more effectively via horizontal transmission. Therefore, 
symbionts face the tradeoff between efficient vertical transmission through self-restrained 
division and efficient horizontal transmission through rapid proliferation within a host. Here, I 
theoretically explored the condition for the evolution of self-restrained symbiont division. I 
assumed that symbionts control their division rate and that hosts control symbionts’ death rate by 
intracellular digestion. In particular, I assumed the following: symbiosis helps both hosts and 
symbionts to survive; when a host cell divides, its daughter cells inherit its symbionts randomly; 
when a symbiont divides in a host cell, the divided cells accumulate in the host cell and 
eventually leads to its burst. My analysis shows that symbionts decrease their cell division rate 
evolutionarily if not only symbiont’s but also host’s benefit through symbiosis is large. Moreover, 
two outcomes arose as evolutionary bistability: the coevolution of hosts and symbionts leads to 
either secure symbiosis where symbionts is vertically transmitted through synchronized cell 
division, or the arms race where symbionts behave as lytic parasites and hosts resist by digesting 
them.  
In chapter 4, as future perspectives of studies on the evolution of symbiosis, I discussed 
the evolutionary transition from free-living to organelle. During the evolutionary transition, the 
maintenance mechanism of mutualism probably switches from discrimination to vertical 
transmission (partner fidelity feedback), or the two mechanisms become to work together. Thus, 
the coevolution of discrimination and vertical transmission is an important problem to 
investigate the evolutionary transition. Although I did not analyze the coevolutionary dynamics 
directly, my above results provide an insight into the coevolution of discrimination and vertical 
transmission and the evolutionary emergence of organelle. 
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博士論文審査結果の要旨  























ことを示した。この章の研究内容は、Journal of Evolutionary Biology に掲載発表され
た。 
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伝播による partner fidelity feedback に切り替わること等を示唆している。 
 本博士研究は相利共生系の成立・維持プロセスの解明に多視点から取り組んだ優れた論
文だと高く評価できる。博士論文は英語で書かれており、出願者は十分な英語能力を有す
ると判断される。これらの点を合わせて、審査委員会は全員一致で、本論文が博士（理学）
の授与に十分値するものと判定した。 
 
